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INTRODUCTION 

Opt i ca l  a c t i v i t y  has been observed i n  pet ro leum and i n  i sop reno id  compounds, 
steranes, and t r i t e r p a n e s  e x t r a c t e d  from o i l  sha le  (1-3). 
p roper t y  t h a t  can r e f l e c t  t h e  mo lecu la r  i n t e g r i t y  o f  a former b i o l o g i c a l  system and 
has been used t o  eva lua te  t h e  geochemical h i s t o r y  of pet ro leum f rom d i f f e r e n t  
geo log i ca l  ages (1) .  Op t i ca l  isomer data have been used as a b i o l o g i c a l  c lock  i n  
geochronological research  ( 4 )  and have been used t o  determine t h e  p o s s i b l e  o r i g i n  o f  
c e r t a i n  carbonaceous c h o n d r i t e  me teo r i t es  (5) .  The key t o  s tudy ing  these organic  
systems i s  t h e  slow decay o f  t h e  o p t i c a l l y  a c t i v e  molecules, as a r e s u l t  o f  low- 
l e v e l  heat (geo log i ca l  t ime) ,  i n t o  o p t i c a l l y  n e u t r a l  mix tures.  R e t o r t i n g  o f  o i l  
sha le  kerogen acce le ra tes  t h i s  decay process. 
o p t i c a l  a c t i v i t y  d a t a  as a means o f  s tudy ing  t h i s  convers ion o f  kerogen i n t o  sha le  
o i l .  Stud ies a t  t h e  Laramie Energy Research Center have demonstrated t h a t  shale o i l  
produced from bench-scale and f i e l d  i n - s i t u  experiments i s  o p t i c a l l y  a c t i v e .  
i n s i g h t s  i n t o  the  r e t o r t i n g  process may now be p o s s i b l e  by f o l l o w i n g  the  changes i n  
o p t i c a l  a c t i v i t y .  

Preparat ion o f  Shale O i l s  

ments and one f i e l d  r e t o r t i n g  experiment. 
i n  t h e  c o n t r o l l e d - s t a t e  r e t o r t  (CSR), descr ibed i n  d e t a i l  by Duval l  ( 6 ) .  I n  b r i e f ,  
t h e  r e t o r t  i s  an e l e c t r i c a l l y  heated, 3- in .  by 1 3 - f t  s t a i n l e s s  s t e e l  p ipe .  The 
e l e c t r i c  heaters  a r e  spaced each 6 inches and a r e  moni tored by thermocouples i n s e r -  
t e d  i n  a 1 - i n c h  p i p e  through the  c e n t e r  o f  t he  3 - inch  p ipe.  
t he  t o p  of  t h e  r e t o r t ,  i s  used as a sweep gas. 

36.5-gal/ton shale from t h e  A n v i l  Points ,  Colo., mine and by r e t o r t i n g  under t h e  
c o n d i t i o n s  shown i n  Table I .  
produced o i l  f lowed by g r a v i t y  w i t h  ass i s tance  from the  n i t r o g e n  sweep gas and was 
c o l l e c t e d  a t  the bottom o f  t h e  r e t o r t .  The c o l l e c t e d  o i l  was t r a n s f e r r e d  t o  a 
d i s t i l l a t i o n  f l ask  and was d i s t i l l e d  t o  remove water  and naphtha. The naphtha was 
separated from the water and was r e t u r n e d  t o  t h e  o i l .  P roper t i es  o f  t h e  d r i e d  o i l  
a r e  shown i n  Table 11. Naphtha and l i g h t  d i s t i l l a t e  f r a c t i o n s  a f t e r  t a r  a c i d  and 
t a r  base removal were f r a c t i o n a t e d ,  u s i n g  s i l i c a  ge l  chromatography, i n t o  saturates,  
o l e f i n s ,  and aromatics. 

Op t i ca l  a c t i v i t y  i s  a 

Th is  paper descr ibes t h e  use o f  

New 

EXPERIMENTAL 

The th ree  se ts  o f  sha le  o i l s  s tud ied  were from two l a b o r a t o r y  r e t o r t i n g  e x p e r i -  
The l a b o r a t o r y  experiments were conducted 

Ni t rogen,  admi t ted a t  

The f i r s t  se t  o f  o i l s  was prepared by f i l l i n g  the  r e t o r t  wi th 1/8- t o  l /Z - i nch ,  

The sha le  was heated f rom t h e  t o p  downward; t he  

TABLE I .  - CSR r e t o r t i n g  c o n d i t i o n s  

Zone Sweep Sweep Maximum 
Heat ing r a t e .  temo.. v e l o c i t v .  g?, gas, - _ .  

' F / k  n O F  . i n . / h r  f t ' / h r  SCF/ftL 

2 1,000 3 1.5 24 
20 1,000 12 14 224 
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TABLE 11. Proper t i es  o f  CSR crude o i l s  

O i  1 
R e t o r t  y i e l d ,  
hea t ing  % o f  S p e c i f i c  Pour V i s c o s i t y ,  V i s c o s i t y ,  

"F/mi n assay 60/60"F OF sus sus w t . *  

2 96.4 .925 45 148 69 282 
20 87.6 .921 35 263 131 21 9 

ra te ,  F ischer  g r a v i t y  p o i n t ,  100°F 130°F Molecular  

*Vapor-phase osmometry i n  benzene 

The second s e t  o f  o i l s  was prepared b j  f i l l i n g  o n l y  t h e  bottom 6- inch zone o f  
t h e  r e t o r t  w i t h  1/8- t o  1/2- inch shale and the  n e x t  6- inch zone w i t h  ceramic beads. 
O i l s  were prepared u s i n g  hea t ing  r a t e s  o f  0.1, 1, 2, 4, and 10°F per minute and a N2 
f l o w  r i r t e  o f  14 ft3 per  hour. 
reached. 

A maximum spent-shale temperature of 1200°F was 
The c o l l e c t e d  o i l s  were d r i e d  by c e n t r i f u g a t i o n .  

The t h i r d  s e t  o f  o i l s  was c o l l e c t e d  f rom t h e  i n - s i t u  r e t o r t i n g  S i t e  9 near Rock 
Springs, wy0.(7). A 4 0 - f t  zone o f  f r a c t u r e d  o i l  shale was r e t o r t e d  i n  advance of a 
combustion f r o n t  t h a t  propagated r a d i a l l y  from a c e n t r a l  a i r  i n j e c t i o n  w e l l  toward 
surrounding p roduc t i on  we l l s .  One p roduc t i on  w e l l ,  No. 7, l o c a t e d  50 f e e t  f rom t h e  
i n j e c t i o n  we l l ,  was sampled f o u r  t imes d u r i n g  a 2-month pe r iod .  The c o l l e c t e d  o i l s  
were d r i e d  by c e n t r i f u g a t i o n .  

Preparat ion of Satu ra te  F r a c t i o n  

A 0.5-9 sample o f  d r i e d  
o i l  was d i sso l ved  i n  1 m l  o f  cyclohexane and p laced on a 2- by 75-cm column o f  150 g 
c f  28- t o  200-mesh s i l i c a  gel (Matheson Grade 10) prewet w i t h  n-hexane (Burd ick and 
Jackson Laborator ies,  I nc . ) .  The column was e l u t e d  w i t h  240 m l  o f  n-hexane a t  a 
f l o w  r a t e  o f  7 t o  8 m l  pe r  minute. 
t r a t e d  t o  20 m l  by evaporat ion under N p ,  and t h e  concentrated s o l u t i o n  was used f o r  
o p t i c a l  a c t i v i t y  measurements. 

Op t i ca l  A c t i v i t y  Measurements 

Op t i ca l  a c t i v i t y  was measured on t h e  s a t u r a t e  f r a c t i o n  u s i n g  a 10-cm, s t r a i n -  
f r e e  quar t z  c e l l  i n  a Jasco 3-20 spec t ropo la r ime te r  i n  t h e  o p t i c a l  r o t a r y  d i spe rs ion  
mode. Data were recorded i n  t h e  250- t o  660-nm wavelength range. A so lven t  b lank  
a f t e r  each run  was used t o  determi'ne t h e  basel ine.  The observed r o t a t i o n  f rom 300 
t o  600 nm wavelengths was converted t o  degrees o f  s p e c i f i c  r o t a t i o n ,  [ a ] 2 5 ,  by t h e  
f o l l o w i n g  formula: 

The procedure i s  b a s i c a l l y  t h a t  used by R e d f i e l d  (8 ) .  

The n-hexane-eluted s a t u r a t e  f r a c t i o n  was concen- 

where a = observed r o t a t i o n ,  1 = sample pa th  l e n g t h  i n  decimeters, and c = concen- 
t r a t i o n  o f  sample i n  g p e r  m l ;  i .e . ,  t h e  weight  o f  o i l  charged t o  t k e  s i l i c a  ge l  
column d i v i d e d  by t h e  volume o f  the s a t u r a t e  s o l u t i o n  i n  the  c e l l .  

RESULTS AND DISCUSSION 

Shale o i l s  a r e  deeply  co lored,  and thus a r e  n o t  e a s i l y  amenable t o  o p t i c a l  
a c t i v i t y  measurement. Fo r tuna te l y ,  t h e  o p t i c a l l y  a c t i v e  molecules, steranes, d i - ,  
tri-, and te t ra te rpanes  ( 3 ) ,  a r e  found e s s e n t i a l l y  i n  t h e  t ransparen t  s a t u r a t e  
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fraction so t h a t  measurements can be made on this  f rac t ion .  
degrade t o  racemic or op t i ca l ly  inac t ive  mixtures during the r e to r t ing  process. 

Optical a c t i v i t y  measurements on the f i r s t  s e t  of o i l s  show t h a t  op t ica l ly  
ac t ive  molecules do survive the  r e to r t ing  process, and t h i s  occurs t o  varying 
degrees. 
a t  a l l  wavelengths. 
in the  20°F-per-minute o i l  than in the  2°F-per-minute o i l .  

Other evidence of increased cracking w i t h  increased heating r a t e  i s  shown in 
Table I1 where the  o i l  y ie ld ,  the pour point,  and the molecular weight decrease. 
More def in i t ive  cracking evidence is seen i n  the o l e f in  increase (Table 111) from 48 
t o  54 percent f o r  the naphtha and from 49 to 65 percent fo r  the l i g h t  d i s t i l l a t e .  

TABLE 111. - Hydrocarbon-type ana lys i s  of neutral o i l s  

These molecules partly 

The data plotted i n  Figure 1 show l e s s  a c t i v i t y  i n  the 20°F-per-minute o i l  
This a c t i v i t y  difference ind ica tes  more degradation or cracking 

Retort 
heating , Vol. percent 

"Fimin  Saturates 01 ef ins  Aromatics Saturates Olefins Aromatics 
r a t e ,  Naphtha Light d i s t i l l a t e  

2 38 48 14 30 49 21 
20 32 54 14 24 65 11 

The second s e t  o f  o i l s  was chosen fo r  a more de ta i led  study of the e f f ec t  of 
heating r a t e  on optical  a c t i v i t y .  
samples of the resu l t ing  o i l s  were separated and measured. 
show good reproducibil i ty since ro ta t iona l  differences between dupl ica te  samples a re  
generally l e s s  than 0.1" of ro t a t ion .  A plo t  of the da ta ,  Figure 2 ,  shows a consis- 
t en t  trend toward decreasing a c t i v i t y  w i t h  increasing heating ra tes .  The top curve, 
representing the  o i l  prepared a t  a 0.1'F per minute heating r a t e ,  ranges from above 
~ . ~ O [ C I ] ~ ~  t o  about 0 . 6 " [ ~ 1 ] ~ ~ .  
0.4°[,]25. 
optical  ac t iv i ty  a s  a n  inverse function of heating r a t e .  The o i l s  produced a t  
higher ra tes  show the l e a s t  a c t i v i t y ,  implying more thermal energy exposure t o  the 
product o i l ,  which causes more o i l  degradation. 

Optical a c t i v i t y  measurements were made on four o i l s  collected from the Rock 
Springs, S i t e  9,  i n - s i tu  r e to r t ing  experiment (Fig. 3 ) .  Using data plotted from the 
450-nm wavelength, differences a re  apparent i n  the  o i l  composition from the four 
da tes  over a time span  of over two months. These differences seem t o  r e f l e c t  
changes in operation t h a t  a l t e r ed  the r a t e  of combustion. 
5 t o  22, propane was burned in the in jec t ion  well t o  es tab l i sh  combustion and 
re tor t ing .  The produced o i l ,  because of exposure t o  hot combustion gases, showed a 
low optical  a c t i v i t y  o f  about 0.3 degrees. 
in jec t ion  on April 23 probably resu l ted  in a cooler r e to r t ing  system which produced 
the  higher op t i ca l ly  ac t ive  o i l  co l lec ted  on May 5. Propane in jec t ion  was resumed 
on May 8, and l a t e r  a i r  in jec t ion  i n  a d i f f e ren t  well produced hot te r  combustion 
conditions,  resu l t ing  i n  the lower op t i ca l ly  ac t ive  o i l s  sampled on May 25 and June 
8. These conclusions a r e  t en ta t ive  and do warrant fur ther  data evaluation and 
experimentation. The in-situ o i l s  i n  general show one-third t o  one- half  the opti-  
cal  ac t iv i ty  of the  control led-state produced o i l s  and, therefore ,  apparently have 
experienced more degradation o r  cracking. 

Five heating r a t e s  were chosen, and duplicate 
The r e su l t s ,  Table IV, 

The 10°F-per-minute heated o i l  ranges from 1.9 to  
Shale o i l s  prepared from the controlled s t a t e  r e t o r t  show changes in 

During the period April 

Conversion from propane t o  air-only 
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SUMMARY 

The poss ib i l i ty  of using opt ica l  a c t i v i t y  data t o  study cracking during o i l -  
shale re tor t ing  was confirmed by examining sha le  o i l s  prepared a t  d i f f e ren t  heating 
r a t e s  using the  bench-scale cont ro l led-s ta te  r e to r t .  
s h i p  between sha le  o i l  op t i ca l  a c t i v i t y  and heating ra te .  The o i l s  prepared from 
in-situ f i e ld  experiments have opt ica l  a c t i v i t y  values t h a t  a r e  inversely propor- 
t iona l  t o  the suspected underground r e to r t ing  temperatures and ind ica te  more severe 
and variable r e to r t ing  conditions than the  controlled s t a t e  r e t o r t  system. Further 
use o f  optical  a c t i v i t y  data may be useful i n  understanding the r e to r t ing  process i n  
the laboratory and i n  cont ro l l ing  the  process i n  the f i e l d .  

The r e s u l t s  show a re la t ion-  
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FIGURE 1 .  - OPTICAL ACTIVITIES, 2 CSR CRUDES. 
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FIGURE 2. . OPTICAL ACTIVITIES, 5 CSR CRUDES. 
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FIGURE 3. - IN SITU OIL OPTICAL ACTIVITY CHANGES WITH RETORTING CONDITIONS. 
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